Urban land is the land cover type where most human activities occur with the greatest intensity of land use. With the growth of population and increase of wealth in the world, large number of people moves from rural to urban areas at an accelerating rate [1] . As a result, urban areas expand significantly. Urban expansion is a double sided sword. On one hand, it brings more convenience to human production and living. On the other hand, it has a lot of companion problems such as environmental pollution [2] , traffic jam and climate change at the local scale [3] , which in turn affects agriculture [4] [5] [6] [7] , water resource [8] , and the natural environment [9, 10] , accelerates the spread of diseases [11, 12] , and creates challenges for urban planning and management [13, 14] . To meet these challenges, it is important to have timely information about urban expansion according to the same definition on urban boundaries, the same criteria and data sources. However, there exist a lot of inconsistencies in definitions of urban boundaries [15, 16] , use of data sources [17] , methods of urban area extraction [18] [19] [20] [21] [22] [23] [24] and areas of interest are limited to part or only a single city [15, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] .
The problems of definition inconsistency, multiple mapping methods, data and mapping area differences in time and space, seriously impede the construction of a standard dataset on urban expansion that could be used in support of research activities on climate change modeling, regional and national land use planning, environmental protection and public health studies. Therefore, it is necessary to map urban expansions in large areas with data from the same source during short time duration for temporal consistency, and with methods that are accurate.
Since the reform and open-door policy in 1978, initial reforms in early 1980s happened primarily in rural areas followed by urbanization beginning in late 1980s. Urbanization in China gained acceleration in 1992 when DENG Xiaoping visited Southern China and promoted special economic zones in Shenzhen and Shanghai. Therefore, it is necessary to map urban expansions of all cities in China since the year 1990. In the beginning of the 21st century, urbanization in China gained unprecedented speed, the fastest in human history. Now more than half of the world's building materials are used in constructions in China, and this trend will continue until 2030 [35] . People lived in urban areas are grown from 19.7% in 1978 to 49.7% in 2010 [36, 37] . As a result of the urbanization, croplands in China decreased dramatically and that placed a lot of threats to China's food security. However, how many acres of land are developed due to urban expansion? The answers to this question are quite different between the official statistics and those derived from remotely sensed data [21, 38] .
Urban areas can be observed from remotely sensed data with a resolution better than 100 m, and results obtained from remote sensing are more objective. Using such data properly, we can avoid the subjectivity in and manipulation by different levels of statistical bureaus. Here, we mainly use human interpretation method to map all 663 cities in China. Remotely sensed data are acquired by Landsat Thematic Mapper (TM) and enhanced TM plus (ETM+) that have similar spectral characteristics. Images acquired near 1990, 2000 and 2010, respectively have been collected. We also analyzed the magnitude and speed of urban expansion, estimated the amount of croplands occupied by urban development, and the economic efficiency of urban expansion.
Mapping methods
The scope of the mapping is the built-up areas where the city governments are located. For the urban-rural transitional areas, we consider built-up areas within 5 pixels as part of the urban areas, excluding those just connected by roads [39] .
Urban areas have complex components, such as buildings, roads, green areas, water bodies and bare lands. Although automatic methods have been developed to map urban land use for individual cities for a long time [18, 40] , there are four difficulties in mapping urban expansions in large areas. First, the inconsistency of acquisition time in the remotely sensed data, which makes it difficult to apply a uniform automatic method to extract urban areas. Second, the uncertainty of spectral characteristics in urban areas due to the use of various kinds of building materials, which makes it hard to describe urban areas in a way that can be easily understood by image analysts. This always makes it difficult when mapping is done by multiple interpreters. Third, urban areas are confused with other land cover types. For example, high density buildings are confused with bare land sometimes, while low density building can be easily classified into other land types in rural areas. Last, in many large cities with intensive urbanization, it is hard to exclude croplands and other non-urban lands distributed at the city boundaries.
Although human interpretation is time-consuming, it is the most accurate method to overcome the above difficulties. In this study, a group of people delineated urban areas according to the same set of criteria and finally one analyst checked and refined the results with a consistent standard. After interpreting urban boundaries, we excluded croplands, rivers and mountain areas from the urban areas. Although some cities have counties, large towns or villages that are comparable in size, we did not take them into consideration.
China has 663 cities [41, 42] , including 654 cities in mainland China, 7 cities in Taiwan, plus Hong Kong and Macao. City names of this dataset are obtained from The Statistical Yearbook of Chinese Cities in 2009. We also considered data from Google Earth and the Provincial Atlas of China. All of the data and mapping results are in Albers-Krasovsky equal area projection.
The base years of urban area mapping are 1990, 2000 and 2010. We collected Landsat TM/ETM+ data during 1986-1994, 1999-2002 and 2008-2010 as the base data source. Satellite data are mostly downloaded free of charge from websites such as the http://glcfapp.glcf.umd.edu:8080/ esdi/index.jsp, http://edcsns17.cr.usgs.gov/NewEarthExplorer/, and http://ids.ceode.ac.cn/query.html. Only 10 scenes were purchased from the Chinese Landsat Receiving Station to make up the gaps. Since the ETM+ images in 2000 period are ortho-rectified, and some of the data in 2010 were geocorrected to the 2000 data, we took the ETM+ data as the reference data. For data in circa 1990 and 2010 periods, we checked and did geo-rectification when necessary. Since our purpose was to map urban areas, control points were selected mainly near the city areas, to ensure that the registration errors to be within a pixel.
In the interpretation, we used ArcMap 9.3.1, the band composite for visualization are band 5, band 4 and band 3 in TM/ETM+ data shown in red, green and blue. The scale was under 1:50000. Initial results were done by three well-trained persons. The order of mapping was circa 2010, 2000 and 1990 . Keeping comparison with the high resolution data (better than 2.5 m) in Google Earth, we took the results of 2010 as a constraint for area when interpreting images in circa 2000 and 1990 . In order to reduce uncertainties, one person did the final checking and refinement of every city initially interpreted.
In order to get accurate results of urban expansions at several sparsely distributed cities such as Shanghai, Beijing and Dongguan, which are expansively developed, we applied an automatic method to get the urban expansions [43] [44] [45] . Since the scope of the three urban expansion is no longer confined to the municipal districts, we make clear the scope of mapping as follows: mapping of Beijing covers the area of Beijing municipal district, Changping District, Shunyi District, Tongzhou District and Daxing District, with the scene ID being 123032 and 123033 for TM/ETM+ images; mapping of Shanghai include the area of Shanghai municipal district (excluding Chongming Island), Jiading District, Qingpu, Songjiang District, Minhang and Nanhui County which are located within scenes 118038 and 118039; mapping of Dongguan covers the whole territory of Dongguan, within scene 122044. Training sample selection in the classification process has four main categories, namely urban areas, bodies of water, bare soil and vegetation. On the basis of spectral reflectance, those four categories are divided into a number of subclass, 3-4 polygons are selected for training for each subclass. The maximum likelihood classifier is adopted for image classification. Slope information for each pixel is calculated based on 90 m Shuttle Radar Topographic Mission (SRTM) elevation data, and then resampled to 30 m. Watershed segmentation algorithm is utilized to segment the images; those patches with less than 10 pixels are merged into its most similar neighboring patches. Those patches 50% of whose pixels are less than 5°, as well as 50% of whose pixels are classified as urban are considered to be urban areas. Ten urban and non-urban areas of each image are selected for validation. The overall accuracy of 15 images surpassed 90%. With the fundamental assumption that cities are expanding during 1990 to 2010, the classification result of 2010 is used to restrict the results of 2000 and 1990, and meanwhile the result of 2000 is used to restrict the result of 1990 to minimize the uncertainty of automatic classification Figure 1 shows the data distribution. The numbers above the bars are the number of cities interpreted in that year. The ideal case is all of the cities are in the same year. However, due to cloud and data acquisition limits, this is impossible. We have to choose data collected near the base year. 
Accuracy analysis
The mapping products cover a long temporal period and large spatial scale. It is difficult to validate the results by field checking for each city. However, interpretation results from high resolution images available from Google Earth can be used instead of field works. When interpreting the urban areas, we used high resolution data (within 2.5 m) for reference. In order to understand the quality of this work, we asked several other experienced interpreters to interpret 5% of the cities that were randomly selected based on the high resolution imagery in Google Earth. Comparing with the two independent sets of results, we found that the area differences were less than 10% with the same mapping standard. The resultant area from TM/ETM+ is bigger than that from Google Earth. There are four possible reasons. First, mixture effects cause some inaccuracies and make the boundaries a little bigger in the coarser resolution TM/ETM+ data. Second, bare land was confused with urban areas in TM/ETM+ data and was interpreted as urban areas. Third, in the rural-urban fringes, some rural areas were interpreted as urban areas due to low spatial resolution in the TM/ETM+ data. Fourth, in the Yangtze delta, it is difficult to determine the boundary of urban areas due to high river density and connected build-up areas along the water network (Figure 2(d) ). overlaid on high resolution images in Google Earth. The dates between TM/ETM+ data and imagery from Google Earth were similar and it can be seen that the results agree well with the urban expansion observable from the Google Earth images. are also these 5 administrative regions. It can be seen that Jiangsu, Shandong, Guangdong and Zhejiang are the most urbanized provinces, which also consumed most croplands during the urbanization process of the 20 years.
Analysis of the mapping results
From 1990 to 2010, the speed of urbanization in different cities is largely different. 
Land use efficiency of urban expansion
GDP data were collected in the same year as the mapping time of urban areas. We analyzed relationships among urban areas, populations and GDP of the 147 large cities in China whose populations were greater than 500000. All data are shown in the appended table. These data are from "China City Statistical Yearbook" and "China City Construction Statistical Yearbook". Overall, the urban population density in China decreased from 17100 persons/km 2 in 1990, to 13000 persons/km 
Discussion and conclusions
Based on the same data type of Landsat TM/ETM+ in the 1990s, 2000s and 2010s, we mapped the built-up areas of all the cities in China mainly by human interpretation. The results show during the last twenty years urbanization in China has increased exponentially by more than 2 times. The most built-up areas changed from the northeastern Provinces in 1990 to the southeast coast of Jiangsu, Guangdong, Shandong and Zhejiang in 2010. Urbanization lands are mostly converted from croplands in China. About 17750 km 2 of croplands were converted into urban land. Furthermore, the conversion from 2000 to 2010 is 1.46 times that from 1990 to 2000. During the 20 years, the most urbanized provinces are Jiangsu, Guangdong, Shandong and Zhejiang.
We analyzed built-up areas, GDP and population of 147 cities with a population of greater than half a million. The result shows that coastal cities and resource-based cities have high economic efficiency of built-up areas, while resource-based inland cities have high population per square kilometer. Costal developed cities, whose economies are diversified, can support high population and high GDP/km 2 with large built-up areas. However, resource-based (such as oil, coal, steel) cities, whose population structure in occupation is uniform with high densities, tend to have small sizes of built-up areas. Therefore, they have high population densities with high GDP/km 2 . Those cities with high GDP/km 2 and medium population densities have the high qualities of living. Seven out of the twenty cities with the highest GDP/km 2 are located in Guangdong and none of them are located in the Yangtze River Delta. Although Shanghai and Jiangsu have added more urban areas than those in Guangdong, the GDP/km 2 in Shanghai and Jiangsu are much lower than that in Guangdong. The GDP/km 2 in Shanghai, Nanjing, Suzhou, Wuxi, and Changzhou are ranked the 27th, 72nd, 81st, 90th and the 112th, respectively. Beijing ranked the 101st. This trend should be noted and must change. Shanghai, Suzhou and Kunshan, as well as Guangzhou, Dongguan and Shenzhen, have grown together. These megacities should make full use of resources, improve the efficiency of land use and reduce the traffic time of their citizens. However, most cities want large and all-rounded development, and cities administrated by different provinces are more likely to waste land. Take Qingdao as an example, the main part of Qingdao, Jiaozhou, Jimo belonging to the same prefecture have already connected with each other by urban expansion. We can predict examples like that will increase in China. Planning between cities, increasing the use efficiency of built-up areas, will be an important issue of future urban planning and perhaps inter-urban planning.
During 1990 and 2010, the trend of urban built-up areas in China has expanded exponentially, and has occupied more croplands. Together with the expansion of rural built-up areas, urban expansions would have an increasing impact on China's food security. This has attracted attention by people from many sectors of the society [46] . However, how much exactly is the impact of urbanization on agriculture, climate and the environment? It has not been well answered in the past. The mapping product on built-up areas of cities provides a base for answering that question. The dataset has been done by the same group, with the same method, using the same type of data, and checked and refined each city by the same person. The precise delineation of built-up areas cannot be found in published yearbooks. This dataset is helpful to many fields, such as the study on the trend of urbanization in China and the trend of land conversion from croplands and other lands into urban areas, the simulation of the dynamic development of cities, the study on the relationship of urbanization, population growth and migration, the analysis of carbon emissions and climate change, and policy making regarding potential climate change, land use planning and urban planning and administration. In mapping urban areas, we shall improve the accuracy, avoid or reduce errors from spectral uncertainties between bare land or croplands and high density settlement areas. We also need to further classify land use types within urban areas. These will be done in the future. Supporting Information Table S1 Urban areas, populations and GDP of the 147 large cities in China whose populations are greater than 500000
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